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The recoil optical force that acts on emitters near a surface or waveguide relies on near-field
directionality and conservation of momentum. It features desirable properties uncommon in opti-
cal forces, such as the ability to produce it via wide-area illumination of vast numbers of particles
without the need for focusing, or being dynamically switchable via the polarization of light. Un-
fortunately, these recoil forces are usually very weak and have not been experimentally observed in
small dipolar particles. Some works theoretically demonstrate orders-of-magnitude enhancement of
these forces via complex nano-structuring involving hyperbolic surfaces or metamaterials, complicat-
ing the fabrication and experimental demonstration. In this work we theoretically and numerically
show enhancement of the lateral recoil force by simply using thin metallic films, which support
ultra-high-momentum plasmonic modes. The high-momentum carried by these modes impart a
correspondingly large recoil force on the dipole, enhancing the force by several orders of magnitude
in a remarkably simple geometry, bringing it closer to practical applications.
Optical forces, enabling the manipulation of nanopar-
ticles through light-matter interactions, have allowed im-
portant progress in many areas ranging from ultra-cold
matter physics to biology1–10. Most optical forces rely
on optical traps, gradients of field intensity created via
focusing, ideal for the precise manipulation of individ-
ual nanoparticles, but challenging to adapt to massively-
parallel manipulation of several particles simultaneously.
An alternative approach that overcomes this obstacle is
to rely on the scattering of particles under non-focused
plane-wave-like illumination with no intensity gradients.
Because light carries linear momentum, it follows that
if a particle scatters light in a given direction, it must
experience a mechanical recoil pushing it in the opposite
direction, due to conservation of momentum. This has
been exploited in free-standing particles for applications
such as tractor beams11, and more recently in particles
placed near surfaces or waveguides12–20. When a particle
is illuminated and there is a waveguide or surface nearby,
the near-field scattering fields can couple into the guided
modes of the waveguide or surface modes such as sur-
face plasmons, which propagate away from the particle
and hence impart a corresponding mechanical recoil to
the particle12,13. This mechanism does not rely on gra-
dients of the illuminating light, and so it doesn’t require
focusing and occurs under plane wave illumination in a
wide area. The directionality of the near-field excitation,
required to achieve a net force, can be achieved by con-
trolling the electric and/or magnetic polarization of the
scatterer12,13. Interestingly, these optical forces can be
controlled using optical degrees of freedom, such as the
polarization of light. Thanks to spin-orbit interaction of
light, the polarization state of light may modify and con-
trol the spatial degrees of freedom of light, i.e. its prop-
agation direction and scattering21. In particular, it is
well-known that a circularly polarized dipole or scatterer
near a waveguide will excite waveguide modes direction-
ally in a lateral direction14–16 and hence this will result
in a polarization-dependent recoil lateral optical force,
whose direction is switchable with the polarization hand-
edness of the illumination17–19, thus enabling a simple
non-mechanical method for dynamically controlling the
direction of the force. Alternatively to plane wave illu-
mination, the polarization pattern of tightly focused lin-
early polarized beams can exhibit spinning polarizations
away from the beam’s axis, which can be used to enable
optical trapping or anti-trapping near surfaces based on
the same recoil-force principle20, instead of relying on il-
luminating field gradients. The same recoil optical forces
also lead to lateral Casimir forces on rotating particles
near smooth surfaces22.
Despite much theoretical works, these polarization-
controlled recoil lateral forces are very weak under nor-
mal circumstances, and their experimental measurement
has only been achieved on large 4.5 µm particles at wave-
lengths of 532 nm19, well outside the dipole approxima-
tion, and on macroscopic birefringent objects23. The
lateral force due to near-field directionality of a circu-
larly polarized scatterer in the dipole approximation,
which would have vast applications on optical manip-
ulation of nanoparticles and molecules, has proven too
weak for an experimental demonstration to date. How-
ever, some works have theoretically proposed methods
to greatly enhance this force. One approach has been
to use hyperbolic metasurfaces, theoretically predicting
an increase on the lateral force by roughly three or-
ders of magnitude24. Hyperbolic metasurfaces are pla-
nar metamaterials which show an anisotropic surface
conductivity25–28 and were experimentally demonstrated
using single-crystal silver nanostructures29, but such ma-
terials are challenging to fabricate in large areas useful
for measurement and application of lateral optical forces,
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2with no experimental demonstration yet produced of the
enhanced force.
Another approach to achieve enhanced lateral forces
from circularly polarized dipoles was theoretically pre-
dicted with the use of bulk hyperbolic metamaterials30.
This is different to hyperbolic metasurfaces because,
rather than requiring an anisotropic surface conductiv-
ity, it requires an anisotropic bulk permittivity. Such
hyperbolic metamaterials are arguably easier to produce
in large centimeter-sized areas via the use of metallic
nanorods or alternating metal-dielectric thin layers31–34.
Circularly polarized dipoles are known to exhibit direc-
tionality near hyperbolic metamaterials35, where instead
of exciting surface plasmons or single guided modes, they
excite combinations of high-wavevector bulk modes form-
ing subwavelength ‘rays’ inside the hyperbolic metamate-
rial, but still experience the associated lateral recoil force.
Yet no experimental demonstration of the enhancement
has been achieved in this case either. We believe that a
simpler geometry is desirable.
The key feature, common in all the approaches for en-
hancement of recoil lateral forces, is the existence of high-
wavevector (high-k) modes in the surface or in the bulk.
Such modes, excited by the dipole, possess a huge phase
gradient due to the very small wavelength of the mode,
which manifests as a strong recoil force acting back on
the dipole. In terms of momentum conservation, the in-
dividual photons or plasmons of the excited modes have
a very large momentum p = ~k owing to the large value
of k, and hence each produces a strong recoil ‘kick’ on
the particle. This is a similar idea to the concept of a
‘super-kick’ acting on particles placed near vortex beam
singularities, in regions where the optical phase gradient
is also huge36. Therefore, for a practical recoil lateral
force enhancement, it would be advantageous to find the
simplest structures, easy to reproduce in the laboratory
and commercially, that support modes with very high
wave-vector k. The directional excitation of such modes
would then result in an enhanced lateral recoil force.
In this work we propose the use of a very thin metal-
lic slab, known to support short-range surface plasmon
with a dramatically reduced wavelength and correspond-
ingly high k37–40. We theoretically and numerically prove
several orders of magnitude enhancement of the lateral
recoil force acting on circularly polarized emmiters near
such thin films.
It is well known that a planar interface between a metal
with relative permittivity ε2 and a dielectric with per-
mittivity ε1 supports surface plasmon polariton modes
(SPPs) with a wave-vector given by kSPP = k0(ε1ε2/(ε1+
ε2))
1/2. If a thick metal slab is sandwiched between two
dielectrics ε1 and ε3, then, as long as the metal slab is
thicker than the plasmon penetration depth, two surface
modes will exist independently in the two interfaces, as
shown in Fig. 2. However, if the slab is thinner than the
plasmon penetration depth t ∼ (1/2)(k2SPP − ε2k20)−1/2,
then coupling and mode splitting will occur between
the two modes, forming two supermodes with even and
odd symmetry in different field components, commonly
known as the long-range (LR) and short-range (SR) sur-
face plasmons37–40, depicted in Fig. 2. The SR-SPP is
highly confined in the metal film and is ignored in many
plasmonic applications due to its high losses and low
propagation length – hence its name, however, these are
not limiting factors for the recoil forces that these modes
may cause. The thinner the metal film, the stronger
the splitting between the two modes, and the higher the
wave-vector up to which the SR-SPP is pushed into, as
shown in Fig. 2, resulting in extremely reduced modal
wavelengths. In this work, as an example, we consider a
gold film between free space and a SiO2 substrate. Both
materials are widely used in the development of both
photonic and plasmonic structures, operating in a broad
frequency spectrum41,42. We have used the free-electron
Drude model fit43 to the dielectric function of gold42.
Knowing that we can achieve high-k modes in thin
metallic films, we now study how these affect the recoil
optical forces that act on a nearby circularly polarized
dipole, which in practice can represent any polarizable
particle illuminated with polarized light. Our results are
obtained analytically via the exact Greens function for-
malism of a dipole over a surface; using the dipole angular
spectrum approach12,44–47. Consider an electric dipole
source p = (px, py, pz) located at r0 = (0, 0, h), above a
metallic slab of thickness dslab, whose surfaces are z = 0
and z = −dslab, which has been grown on a dielectric
substrate, as seen in Fig. 1. The dipole is radiating with
an angular frequency ω. The time-averaged optical force
〈F〉 acting on the dipole can be deduced from first prin-
ciples –the Lorentz electromagnetic force acting on the
oscillating charges of a dipole due to the backscattered
fields from the surface– and is well-known46,48,49. It is
given by 〈F〉 = ∑i=x,y,z 12Re{p∗i∇Ei}, where Ex,y,z rep-
resents the total electric field minus the self-fields of the
dipole, and therefore includes any back-scattered fields
or excited modes on the surface responsible for the recoil
force12.
FIG. 1. (Color online) Schematic diagram of a circular electric
dipole above a thin metallic slab.
Here, we will focus on the x component of the force
that acts over a polarized particle, which following previ-
ous works17, after some mathematical steps and the only
3assumption that ε1 is real (lossless upper medium), can
be written in a compact manner as:
〈Fx〉 = P xzradσy
3
4c0n31
Im
{∫
dktre
i2kz1hk3trrpp
}
, (1)
where the integration is performed over the normal-
ized transverse wave-vector, ktr =
kt
k0
∈ [0,∞], P xzrad =
n31ω
4(|px|2+|pz|2)
12piε0ε1c30
is the power radiated by the x and z
components of the dipole, n1 =
√
ε1 is the refractive in-
dex, σy = − 2Im[p
∗
xpz ]
|px|2+|pz|2 ∈ [0, 1] is the dipole spin along the
y-axis, kz1 = k0(n
2
1 − k2tr)1/2 is the z-component of the
wave-vector, k0 = 2pi/λ is the wavenumber of free space,
λ is the wavelength, and rpp is the well-known Fresnel
reflection coefficient for p-polarization on a slab, which
also has a dependency with the transverse wave-vector
and the wavelength rpp(ktr, λ). As is well known
17, a
lateral force in the x-direction appears when the dipole
has a spin along the y-direction, i.e. spinning in the xz
plane. In the following results, we will consider the case
that achieves the maximum force along +x: a clockwise
circular dipole p = (1, 0,−i), with σy = 1, which excites
modes directionally in the −x direction and experiences
the corresponding recoil directed along +x.
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FIG. 2. (Color online) Normalized dispersion curves of surface
plasmon polariton modes propagating along a gold slab be-
tween air (ε1 = 1) and fused silica (ε3 = 2.11) for three thick-
nesses dslab = 0.5 nm, 1 nm and 5 nm. The corresponding
dispersion relation for single interface air-gold and SiO2-gold
are presented. We used the dielectric function of gold as a
free-electron Drude model ε2 = ε∞−ω2p/(ω2 + iωτ−1), where
ωp = 9 eV/~, τ−1 = 0.05 eV/~, and ε∞ = 9. The Drude
model fits experimental gold data well in the infrared and red
part of the spectrum. The locations A, B, C correspond to
the SR-SPP mode at a wavelength λ = 800 nm.
Let us calculate the lateral force when the dipole is
placed near thin metallic slabs. As one can see in Eq.
1, the high-k modes in the film will manifest themselves
as a peak in rpp at a very high value of ktr = kSPP/k0
and will be weighted by k3tr, greatly enhancing the lateral
force. Let us consider the same thin films as shown in
Fig. 2. The exact calculation of the force 〈Fx〉 via Eq. 1 is
shown in Fig. 3, for varying values of the metal thickness
dslab. The polarization of the dipole is p = (1, 0,−i) and
it is located at a subwavelength distance h = 0.009λ over
the metallic slab. We notice that the force experiences
a dramatic increase of nearly three orders of magnitude
when the thickness of the slab is very thin, reaching an
optimal strength around 0.5 nm. The figure insets also
show the magnetic field distribution (Hy) for three values
of the thickness. The directional excitation of guided
modes to the left is observed in each one of these cases,
resulting in recoil, but there is a clear distinctive feature:
the wavelength of the plasmon decreases dramatically for
the thinner films. This is as expected due to the short-
range surface plasmon having an ultra high k value37–40
as discussed earlier. Such a high k and the associated
small wavelength produces a huge phase gradient at the
location of the dipole, resulting in the increased lateral
recoil force, in accordance with our initial expectation.
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FIG. 3. (Color online) Left: Thickness dependence of the
time-averaged normalized lateral force when a circularly po-
larized dipole, p = (1, 0,−i), is emitting with a wavelength
radiation of λ = 800 nm over a gold slab. Right: COMSOL
simulation of the magnetic field distribution (Hy) surround-
ing the dipole for three different slab thicknesses (A) 5 nm,
(B) 1 nm, (C) 0.5 nm, corresponding to the dispersion points
in Fig. 2. The dipole is located at a distance h = 0.009λ
above the gold slab.
As discussed earlier, this has a quantum interpreta-
tion: the amount of momentum carried by each quantized
plasmon in the excited plasmonic mode p = ~k is propor-
tional to k = −kSPPxˆ, hence, for each excited plasmon
with ultra-high momentum, the dipole source must fulfill
conservation of momentum and experience a ‘super-kick’
in the opposite direction, similar to the ‘super-kick’ pre-
dicted for particles near phase singularities36. The fields
in the three cases depicted in Fig. 3 are oscillating at the
same angular frequency ω, hence the energy carried per
4quantum E = ~ω is the same, while the momentum is
much higher for the thinnest film. For each energy packet
transferred to the plasmon mode, the recoil ‘kick’ experi-
enced by the dipole is far greater in the high-k plasmonic
mode.
One may ask what is the theoretical limit of this ef-
fect. Can we keep reducing the film to achieve infinitely
higher wave-vectors? Unfortunately, there is an un-
avoidable limitation. The larger the propagation wave-
vector of the mode becomes, the more confined it is
to the interface, and the stronger the evanescent decay
into the dielectric. This will reduce the coupling effi-
ciency between the dipole and the mode. In the quan-
tum picture, fewer energy packets will be excited by the
dipole to produce the super-kick. The coupling is math-
ematically accounted for on Eq. 1 by the exponential
decay term e2ikz1h = e−2hk0(k
2
tr−ε2)1/2 inside the inte-
gral which dampens the peak in rpp(ktr) that occurs at
ktr = kSPP/k0  1 due to the SPP. This dampening
trades off against the cubic enhancement of the term k3tr,
resulting in the existence of an optimal thickness of the
metallic layer, as clearly shown in Fig. 3. This optimum
depends on the distance h between the dipole and the
surface. The greatest enhancements are achieved when
the dipole is placed very close to the surface, therefore
the technique will work best for atoms and molecules,
which can be placed at distances of hundredths of a wave-
length or less. This theoretical limitation applies to any
proposal based on high-k modes, such as the existing
proposals based on hyperbolic materials.
In view of an experiment, the fabrication is simpler
than that of hyperbolic metamaterials and metasurfaces,
but still faces some challenges. The enhancement of the
force relies on the extremely small wavelength and high-
confinement of the modes to the surface, hence the mode
will be highly susceptible to surface roughness. The aim
is, therefore, a very thin and smooth film. While in our
calculations we used gold as the archetypal plasmonic
material, the physics is identical for any plasmonic alter-
native, such as most metals, some semiconductors, con-
ductive metal oxides such as indium-tin-oxide (ITO), and
others50. The choice of material should be decided by the
ease of fabrication of smooth thin films and the desired
wavelength of operation. Even the use of plasmonic 2D
conductive materials such as doped graphene could be
considered.
In conclusion, we have theoretically shown several or-
ders of magnitude enhancement of the lateral recoil op-
tical forces with the use of a simple system: thin plas-
monic films supporting an ultra-high-k hybridized super-
mode. The geometry of such system is simpler than hy-
perbolic metasurfaces or metamaterials, and is suitable
for fabrication on wide areas, and hence this increases the
prospects of observing these lateral forces experimentally
and brings the force a step closer to applications such as
the development of efficient platforms for optical manip-
ulation of nanoparticles in optical ‘conveyor belts’ rely-
ing on lateral forces, or manipulation and separation of
chiral nanoparticles. The recoil force on circular dipoles
is directly responsible for the lateral Casimir force act-
ing on rotating particles near a smooth surface22, hence
the enhancement presented here directly translates into
a corresponding enhancement of lateral Casimir forces.
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